Inverted repeats are important elements in the human genome. Because of their nature, inverted repeats can engage in intra-and intermolecular basepairing. The ability to adopt hairpin and cruciform secondary structures is associated with frameshift mutations. These sequences also can be utilized by the polymerase allowing both intraand interstrand switching events. Such mechanisms can involve imperfect inverted repeats and lead to additional mutations. Several human genetic diseases illustrate inverted repeat mediated mutagenesis.
INTRODUCTION
Mutations in the genome can result in inherited as well as malignant diseases. Studying the different mechanisms causing mutation will lead to strategies that promote health by reducing the mutagenic potential. Governmental regulations governing use and disposal of some genotoxic substances, such as radioactive material, are such a strategy. Like external mutagenic agents, innate mechanisms of mutation also lead to human disease. Two examples of innate mechanisms leading to mutation are deficiencies in DNA repair systems (1) , and mutations that evade repair (2) . The combined impact of innate and environmental mutagenesis over millennia has been to cause genetic variation and, as a result of natural selection, facilitate evolution.
The fidelity of the genetic code is particularly vulnerable to mutagenic mechanisms during replication. During cell cycle phases other than S-phase, DNA is compared to the complementary strand and, if needed, repaired. During replication of the genetic code, point and frameshift mutations can occur in the newly synthesized strand. Replication is a rapid process. One estimate is that replication occurs at a rate of 1,000 bp per second (3) . The DNA replication rate (4) and fidelity varies depending on the template sequence (5-7). Certain template sequences are more prone to replication errors. In this review, I will focus on the inverted repeat and its mechanistic role in contributing to genetic disease. A. An inverted repeat drawn as a hairpin structure. This can occur in both strands of complementary DNA forming a cruciform structure. B. A more realistic illustration of the hairpin structure illustrating the twist. Gray letters indicate the sequence is behind the overlying black sequence. C. Crystal structure of the inverted repeat plotted using RasMac Molecular Graphic Macintosh Version 2.6 and clearly shows the unpaired loop at the top of the hairpin structure.
INVERTED REPEATS
The human genome is far from random and has a number of repeat sequence types. The easiest to understand is the direct repeat in which the sequence is duplicated ( figure 1A) . The arrows over the sequence indicate the sequence that is repeated. Linguistically, an example of a direct repeat is "bye-bye". An inverted repeat, also called a palindrome, is similar except the second half of the repeat is in the complementary strand (figure 1B). A palindrome linguistically is a string of characters that reads the same in both directions, such as "noon". A consequence of these repeats being inverted is that they can base pair to the complementary strands through intermolecular base pairing, or to themselves through intramolecular base pairing. In Figure 1B , the black vertical lines represent the intermolecular base pairing and the gray concentric circles illustrate the potential intramolecular base pairing. Practically speaking, single-stranded DNA cannot bend sharply enough so that adjacent nucleotides on one strand can hydrogen bond as base pairs. There is a mandatory 3-5 bp spacer or loop between the 5' and 3' stems that allow the DNA to fold back on itself. In figure 2A , a single-stranded inverted repeat is written as a hairpin, however this is far from reality, and figure 2B illustrates the twist of the DNA. The crystallized hairpin structure is illustrated in figure 2C (8) . These stem-loop structures can form in single-stranded DNA and are called "hairpins", or can form in both strands of the duplex DNA and are called "cruciforms". The terms inverted repeat and palindrome imply a perfect nature to the sequence. Sequences that are not perfect are called imperfect inverted repeats or quasipalindromes.
CRUCIFORM FORMATION
Energetically, it may seem very unlikely that a stem loop structure with less base pairing in the unpaired loop, would form in any abundance in DNA because the entire duplex structure would be favored on the basis of overall basepairing. Isolated linear DNA has a formidable energy barrier shielding the encoded information. The barrier consists of the energy of the hydrogen bonding and stacking forces that hold complementary strands of DNA together. The energy added to the molecule in living cells to make this information more readily available for transcription and replication is the unwinding of the DNA (9) . The unwinding of DNA consists of twisting the two strands in the opposite direction of the helical coil. This energy strains the hydrogen bonds and stacking forces. The strain is relieved by the writhe of the DNA duplex upon itself, similar to twisting of a phone cord after it has been stretched. The relationship between twist and writhe is a constant known as the linking number. The negative superhelical tension can be restrained by wrapping DNA around proteins such as histones. The negative superhelical tension is dynamic, and is affected by both transcription and replication, as well as by changes in protein-DNA binding such as mediated histone acetylation (10, 11) . This superhelical tension is the driving energy for the formation of alternative DNA structures (12).
IN VIVO FORMATION OF CRUCIFORMS
The DNA features that cause cruciform extrusion in vitro have been demonstrated to also lead to alternative secondary structures in vivo (13) . The basic approaches used to study cruciforms have been to demonstrate the extruded hairpin by chemically modifying the singlestranded loop, having protein recognition of the extrusion itself, or by chemically cross-linking bases in the cruciform stem.
Chemical Modification of the Hairpin Loop
Chemical reactivity of the bases is influenced by base pairing. Single-strand bases, such as in hairpin loops, have different reactivity than in duplex DNA. Electrophiles like osmium tetroxide have been used to identify the extruded hairpin loop at basepair resolution (14) (15) (16) . These sites can be detected by strategies employing either primer extension, because DNA polymerization arrests at the modified site, or by cleavage of the phosphodiester backbone at these sites by piperidine. Following modification of most bases, the glycosidic bond is more readily hydrolyzed resulting in an abasic site.
Protein Recognition of the Extruded Hairpin 5.2.1. Antibody Studies
An immunologic approach also has been employed using antibodies that recognize the sequence independent structure of the extruded cruciforms (17) (18) (19) (20) . This approach has identified antibody binding in eukaryotic cells. Ward et. al. successfully used this approach to support the hypothesis that many inverted repeats exist as cruciform structures in vivo (18.)
Endonuclease
Another approach to detect cruciform extrusion in living Escherichia used the enzyme T7 endonuclease VII controlled by an inducible promoter. Induction of the enzyme led to fragmentation of the DNA. The fragmentation implied that cruciforms in the bacterial genome were extruded and therefore were substrates for the enzymatic cleavage (21).
5..3. Chemical Cross-linking
The last and most elegant technique illustrating cruciform formation in vivo employed the bi-functional cross-linking agent 4,5,8-trimethylpsoralen (22, 23) . Trimethypsoralen is freely permeable into cells and nontoxic unless activated by 360nm light. Therefore, the DNA structures within the cells are caught in a much more natural state. This approach has identified the extrusion of a well characterized inverted repeat in prokaryotic cells (13) . The collective conclusion drawn from these studies is that cruciforms can and do form in vivo.
BIOLOGICAL ROLES OF INVERTED REPEATS

RNA Effects
There is clear evidence that inverted repeats affect transcription. Virtually every molecular biology textbook has a discussion about rho independent termination (24) (25) (26) (27) . In this mechanism the inverted repeat from the 3' end of the mRNA facilitates termination of transcription. Furthermore, both ferritin and the transferrin receptor employ a iron response element (IRE) that regulates translation as a function of alternative secondary structure involving the IRE and polyribosome formation (28-30). The IRE in ferritin mRNA is 28 nucleotides long at the 5' end; whereas, in transferrin receptor mRNA the IRE is in the 3' untranslated region. When iron is in low abundance, the ferritin mRNA does not form polyribosomes whereas the transferrin receptor mRNA is translated. When iron is adequate, ferritin mRNA forms polyribosomes and transferrin receptor mRNA is degraded. This likely is regulated by protein binding competing with DNA secondary structure formation.
Likewise, transcription regulation of the human enkephalin gene is dependent on a 23 bp imperfect palindrome, or quasipalindrome, sequence (nucleotides -84 to -106). This sequence appears to be crucial for gene regulation (31, 32) . Finally, mutations in the type XVII collagen gene result in the disease bullous pemphigoid (33) (34) (35) . This gene also has an imperfect inverted repeat in the 5' end that has been postulated to regulate protein production (36) .
Besides regulating protein production through mRNA intermediates, perfect and imperfect inverted repeats have structural roles in tRNA, ribozymes, and some ribonuclear proteins.
DNA effects
Inverted repeats have a number of biological roles. The easiest to understand is the DNA binding site for homodimeric proteins. Through interaction at their dimerization domains, the proteins become oriented in an antiparallel fashion. Their DNA binding domains also would be positioned in opposite directions, requiring an inverted repeat for binding. The classic example of this resides in restriction endonucleases. There is no evidence that these small inverted repeats extrude into secondary structure to achieve DNA cleavage.
In some prokaryotic systems, inverted repeats appear to be crucial for DNA replication. Escherichia coli contains a 245 bp origin of replication that contains many inverted repeats. However, there is no evidence that these inverted repeats function in an alternative conformation (37) . Other systems actually require the inverted repeat to engage in intrastrand base pairing for function. The singlestranded bacteriophage G4 contains inverted repeats ranging from 20 to 44 base pairs long that are required for proper function of the origin of replication (38) . The protein DnaG binds to such an inverted repeat and this interaction is required for initiation of replication. The plasmid pT181 contains an inverted repeat that actually functions as an extruded cruciform structure to initiate replication (39, 38) . The bacteriophage N4 employs an extruded cruciform, that binds SSB on the single-strand loop to promote transcription of early genes (40, 41) .
Eukaryotic DNA replication systems can also employ inverted repeats. The SV40 virus contains inverted At either end of the inverted repeat, a direct repeat sequence, must be present for slippage to occur. B. After the two strands are separated, the replication fork encounters the extruded stem-loop structure in the thick strand. C. The nascent strand and polymerase partially dissociate from the template strand. The nascent strand has copied the 5' direct repeat. D. The nascent strand slips forward over the stem-loop structure and comes in register with the 3' direct repeat. E. Continued polymerization excludes the sequence from the hairpin structure. At either end of the inverted repeat, a direct repeat sequence, must be present for slippage to occur. B. The replication passes through the inverted repeat and through the 3' direct repeat. C. The nascent strand and polymerase dissociate from the template strand and the hairpin structure forms in the nascent strand. The 3' direct repeat anneals to the complementary bases for the displaced 5' direct repeat. The template strand fails to form the stem-loop structure. D. Continued polymerization creates a duplication.
repeats that are critical for DNA replication; however, evidence thus far suggests their function is the linear form (42) . The human pathogen HSV likewise employs inverted repeats. The genome contains inverted repeats oriL 1 , a 144 bp inverted repeat and oriL 2 a 136 bp inverted repeat that is unstable when cloned into a bacterial system (43, 44) . These examples raise the possibility that one strategy for replicating DNA employs inverted repeats, both in the duplex form with the complementary strand as well as in the extruded conformation.
Inverted repeats whether perfect or imperfect are imbedded in genomes and have critical functions. Yet, these structures pose a special impediment to DNA replication fidelity and are associated with several human disease related genes.
ROLE OF INVERTED REPEATS IN MUTAGENESIS
Palindrome mediated mutagenesis
Regions of DNA alternative secondary structure pose a barrier to replication fidelity. Work in Escherichia coli has demonstrated that the extruded cruciform facilitates frameshift mutations by bringing the DNA slippage sites (direct repeats) into close proximity (45, 44) . This can lead to deletion as well as insertion mutations. Figure 3A illustrates duplex DNA depicted by a wide and narrow line. The inverted repeat is illustrated by the opposing arrows.
The replication of the strand is interrupted by the encounter of the replication fork and the extruded cruciform ( figure 3B ). The extrusion of the stem loop structure brings the distant DNA direct repeats into close proximity. In panels C and D the replication fork pauses, the 5' direct repeat sequence melts and the nascent strand reanneals on the direct repeat 3' to the extruded sequence. Replication continues resulting in a heteroduplex with one non-mutant strand and one deletion mutant. These can be made permanent by another round of DNA replication. In figure 4 , one mechanism for an insertion mutation is illustrated where the inverted repeat in the copied strand folds into a cruciform structure and the replicated 3' direct repeat comes into register over the 5' complementary sequence allowing continued DNA synthesis resulting in a duplication.
Quasipalindrome mediated mutagenesis
Imperfect palindromes theoretically also can mediate similar mutations as perfect palindromes and in addition engage in intra-and interstrand switching further increasing the potential mutation spectrum (46, 47) .
Intrastrand switching requires the polymerase to replicate through the center of the palindrome and, with the nascent chain, disassociate from the template strand and engage in intrastrand annealing into a hairpin structure and then continue to polymerize (48, 49) . This situation is transient and following additional polymerization, the nascent strand and polymerase switch back to the original template strand. If the template is a quasipalindrome, Unlike intramolecular switching, in intermolecular switching the DNA synthesis need not be through the center of symmetry. C. The nascent strand switches its template strand to the complementary strand. D. The nascent strand elongates by DNA polymerization on the complementary strand. E. The nascent strand switches back to the original template strand and continues synthesis. Similar mutations can arise from both intra-and interstrand switch mechanisms. intrastrand switching will convert the quasipalindrome into a perfect inverted repeat. The mutation can then be fixed by DNA repair or a second round of replication. Figure 5 illustrates such a process. Figure 5C is the first strand switch.
The mutation arising from intramolecular templating is illustrated in blue. The second strand switch occurs in figure 5D .
Interstrand switching is similar to intrastrand switching in that the nascent strand and polymerase separate from the template strand, however, in an interstrand switching event, the nascent strand switches to the other DNA strand being replicated (46) . Figure 6 illustrates an interstrand switching event. Figure 6A again represents complementary strands including an inverted repeat. In figure 6B , replication occurs into one half of the inverted repeat. Figure 6C illustrates the first interstrand switch followed by polymerization in figure 6D , and then a second switch and continued polymerization in figure 6E . Both types of switching have been demonstrated to occur in vivo (46, 47) .
Diseases Associated with Imperfect Inverted Repeats 7.3.1. Hereditary Angioneurotic Edema
There is strong evidence for imperfect inverted repeat mediated mutagenesis resulting in the human disease hereditary angioneurotic edema. This autosomal dominant disease is caused by mutations that reduce production of functional C1 inhibitor (50) . C1 inhibitor is a pivotal regulatory protein in inflammation and regulates proteins involved in both complement, contact, and clotting cascades.
When insufficient amounts of functional inhibitor are available for regulation, bradykinin (and possibly other kinins) are produced leading to tissue edema of the skin and mucosal surfaces. This causes symptoms ranging from temporary disfigurement to bowel obstructions or far worse, asphyxiation. The frequency of this disease is estimated at 1:50,000 to 1:100,000. During mutation screening, we identified two separate kindreds with mutations (51) that appeared to be mediated by a mechanism involving an imperfect inverted repeat ( figure  7 ). This quasipalindrome was examined in a prokaryotic system and it has been found to cause mutations of similar types and sizes (Bissler, et al. ,in preparation).
Triplet repeat mediated diseases.
So far, twelve human genetic diseases have been associated with variations in the length of triplet repeats. These diseases include myotonic dystrophy, fragile X syndrome, and Huntington's chorea (52) (53) (54) (55) (56) (57) (58) (59) (60) . Clinically, these triplet repeat diseases are associated with a phenomenon called anticipation. Anticipation implies progressively earlier onset and worsening severity of the disease with successive generations (55, 58, 61) . Anticipation is associated with expansion of the triplet repeat sequence in the disease associated gene. The mechanism of expansion is unclear, and many hypotheses involve abnormal replication or repair processes on a slipped strand structure within the triplet repeat region. These large triplet tracts are quasipalindromic, and Pearson et al. identified novel DNA secondary structures forming in (CTG)n . (CAG)n tracts from the DM and FRAXA genes. They identified non-B-DNA structures, termed S-DNA (62) . Such S-DNA can be remarkable thermostable, and this stability has been hypothesized to be due to hairpin formation in the loop-out regions (60) . An example of hairpin formation in (CCG)n is illustrated in figure 8.
Duchenne Muscular Dystrophy
Duchenne muscular dystrophy is an X-linked recessive disease. Approximately one out of 3,500 male newborns are affected and will suffer a severe muscular wasting that will attenuate their lifespan to approximately 20 years of age. This disease has been mapped to the dystrophin gene at Xp21. Most cases (65%) reported have large (kilobase) intragenic deletions. The others are partial duplications, small frameshifts, or point mutations. One of these other mutants is a microdeletion between nucleotides 6982-6998 (63) . There are several ways an imperfect inverted repeat contributes to mutagenesis in this gene ( figure 9 ). For example, the polymerase machinery may simply slip on the AG direct repeat, or may resolve the hairpin structure up to the more G . C rich stem and then, during the resolution of the hairpin structure, slip-mispair on the direct repeats resulting in the deletion. With this 17 basepair deletion, the proposed hairpin has significantly less basepairing and presumably would be a weaker structure (figure 9).
Osteogenesis Imperfecta
The autosomal recessive disease Osteogenesis Imperfecta is manifest by remarkably brittle bones. This disease is associated with mutations in the type I procollagen gene. These mutations include deletions, insertions and point mutations often involving the triple helical coding region. The point mutations often disrupt the GXY repeat motif resulting in destabilization and delayed formation of the collagen triple helix. The kinetic alterations allow excessive post-translational hydroxylation and glycosylation of lysine. Bateman et al. report a mutation that results in a structural abnormality in the C-propeptide of the pro-α1 (I) chain (64) (65) (66) . Carboxyl terminal propeptides of pro-α1 (I) and pro-α2 (I) are thought to be critical in initiating the process of chain assembly and helical propagation in the assembly of collagen. Mutations in this site, therefore, also would result in a disease such as Osteogenesis Imperfecta. The mutation identified was a Tinsertion that can easily be explained by an inter-or intrastrand switch phenomenon resulting in the conversion of an imperfect inverted repeat to a palindromic sequence (figure 10).
Antithrombin Deficiency
Mutations in the antithrombin gene can result in the development of venous thromboembolism at a young age (reviewed in 67). Mutation analysis of this inhibitor is consistent with the hypothesis that the reactive center coding region exhibits sequence directed mutagenesis involving inverted repeats. The P1 and P1' residues, on either side of the reactive center bond (involved in the inhibition reaction), are CpG dinucleotides.
Twelve mutations have been reported involving these two codons. These mutations may best be explained by the methylation Figure 10 : Sequence from the collagen I gene configured in a stem-loop structure. Using a strand switch mechanism (either intra-or interstrand) the stems of the inverted repeat are made perfectly complementary. T on either side or the 'C' residue at the top. The arrow indicates that through a strand switch reaction, the sequence is made more palindromic as seen by the loss of the 'T' residue on the left, and its replacement with the 'AG' illustrated in blue, leading to a frameshift. of the cytosine base followed by the spontaneous deamination resulting in a thymidine base substitution. In addition, mutations resulting in deficiency occur in two regions containing five codons on either side of the reactive center bond.
The coding region of the antithrombin III gene contains two mutable codons and is imperfectly palindromic. The sequence 5' to the reactive center coding region (nucleotides 13,800 to 13,831, accession number X68793) can be drawn into an imperfect cruciform structure containing the two codons in this region that mutate ( figure 11A ). This stem loop structure also may explain many of the point mutations in which the codon GCA is converted to ACA. A plausible explanation may be that during replication, a strand switch event occurred followed by a second round of replication that fixed this substitution in the genome and lead to disease. A carboxyl region of the reactive center coding region (nucleotides 13,855 to 13,879) can be configured into a stem loop structure as well ( figure 11B ). This region contains three codons that mutate and cause disease. It is tempting to suggest that these five codons on either side of the reactive center bond cluster mutations because these sequences can adopt a peculiar alternative secondary structure. No mutation has been found that actually deletes one of these potential stem loop structures. Perhaps no deletions have been identified because these are reasonably weak cruciform structures, or the sequence effects of contiguous nucleotides reduce the likelihood of deletion. The remnant effect may be on replication fidelity as the holoenzyme encounters the geometry and strength of such a structure.
Silent Serum Cholinesterase
Deficiency of human serum cholinesterase is characterized by absence of enzymatic activity. The autosomal recessive phenotypic manifestation of this disorder is of concern for anesthesiologists and intensivists alike because this enzyme degrades the paralyzing agent succinyl choline. This drug is used in operating room and intensive care settings. The homozygous frequency of this disorder is estimated to be approximately 1:100,000 in the Caucasian population, but it is as high as 1:100 in western Alaskan Eskimos and 1:50 in the population of Andra Pradesh, India. Nogueira et al. found a patient that had the conversion of a quasipalindrome into a palindromic sequence that could be best explained by an intrastrand switch mechanism (68) (figure 12).
Lesch-Nyhan Syndrome
Mutations that inactivate the human hypoxanthine phosphoribosyl transferase (HPRT) gene lead to the X-linked neurological disease Lesch-Nyhan Syndrome. This syndrome is associated with polyathetosis, spasticity, mental retardation, self mutilation, and an elevated serum uric acid. Gibbs et al. identified a 13 bp deletion that could result from a slip 3' (figure 13). Following the first slip there is additional polymerization of a 'T' residue, then a second slip that would place the nascent 3' end in register with the complementary DNA. Both slips could be facilitated by a hairpin structure in the template strand thereby elimination the inverted repeat sequence. This mutation could then be fixed in the genome by another round of replication (69).
Kearn-Sayre Syndrome
This syndrome is a constellation of physical findings including external ophthalmoplegia, retinal degeneration, and a cardiac conduction block. The genetic basis for this mitochondrial cytopathy resides in deletions in the mtDNA. Frequently, the deletions are flanked by a variable length direct repeat and is most easily explained by slip mispairing or errors in recombination. Remes et al. identified a 38 year old man who had deletion breakpoint flanked by an imperfect inverted repeat in a highly conserved sequence block (CSB II) that had been implicated in cleavage of RNA primers during initiation of DNA replication by MRP ribonuclease (70) . The deletion includes nucleotides 10170 through 13406. The 3' breakpoint of this deletion resides in the middle of a small inverted repeat configured into a hairpin structure ( figure 14) . The blue nucleotides represent the portion of the inverted repeat that is included in the deletion, the black nucleotides depict those nucleotides remaining. The stem loop structure is small and of low energy, and will require confirmation of the role, if any, in mutagenesis.
Biotinase Deficiency
Biotinase Deficiency is an autosomal recessive disorder resulting in the inability to recycle biotin. This water-soluble vitamin is an essential cofactor for several carboxylases. Lack of functional biotinase can result is severe deficiency of biotin and manifest in clinical features including siezures, ataxia, developmental delay, acidosis, and coma (71). Pomponio et al. identified a complex deletion/insertion mutation that they postulated was mediated by a quasipalindrome that adopted a hairpin configuration in the template strand (72) (figure 15).
Familial Hypercholesterolemia
Familial hypercholesterolemia is an autosomal dominant disease affecting approximately 1 out of 500 people (73) . While several different types of mutations can lead to this disease, Yamakawa-Kobayashi et al. identified a quasipalindrome that they postulated was responsible for a complex deletion/insertion mutation in exon 8 of the LDL receptor. The quasipalindrome is illustrated in figure 16 . These authors postulated a model that involved a deletion and an intramolecular strand switch mechanism in two kindred they felt were unrelated (74) (figure 16).
PERSPECTIVES
Innate and environmentally mediated mutagenesis challenges the integrity of the human genome. On the grand scale, such mutation mechanisms facilitate the evolutionary process. This review focused on mutagenesis caused by imperfect inverted repeats. Understanding the basic biology of DNA replication and the challenges posed by alternative DNA structures can begin to lead to predictions and rules explaining such mutagenic mechanisms. This may lead to better strategies for mutation screening as well as for more stable DNA constructs for investigation and therapeutic applications. 
